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Why Flavor Physics ? 
Why Charged Lepton Flavor  
Violation (CLFV)?



The Standard Model has the Higgs boson,  
but no new particles are found yet...

The Standard Model is 
considered to be incomplete.

New Physics is needed.

The Standard Model can explain 
most of the experimental results. 
However, there are many 
undetermined parameters and 
issues.

The discovery of the Higgs 
boson has been made.

H



Chapter 3

Physics of Flavour and
Symmetries

Relevant talks at the Open Symposium were given by G. Isidori and F. Teubert, who
also made contributions to this chapter.

3.1 Theory of Flavour Physics and Symmetries

One way to understand most particle physics phenomena is to use a simple e↵ective
theory which is composed of a gauge symmetry term and a symmetry-breaking term, as
follows:

Le↵ = Lgauge + Lsym.break. . (3.1)

The first term is highly symmetric and can be predictable with high accuracy, while the
second term, which encodes the flavour structure of the model, represents the connection
to our natural world which is not fully symmetric. Flavour physics programs are aimed
at understanding the second term. The evidence of a Higgs-like boson would suggest
that the symmetry-breaking sector might have a minimal structure, and many of the
particle physics problems could be included in the Higgs potential given by
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where � and  are the Higgs and the fermions, respectively, and Y ij is the Yukawa
coupling. The last term represents the e↵ective dimension-five neutrino mass term and
⇤ is its new physics scale. These third and fourth terms are responsible for masses and
flavour mixing of both quarks and leptons.

The two key open questions concerning the “origin of flavour” in flavour physics
are (1) what determines the observed pattern of masses and mixing angles of quarks
and leptons? and (2) which sources of flavour symmetry breaking are accessible at low
energies? Owing to the lack of theoretical guidance, even with the precise measurements
of the quark mixing parameters it is di�cult to address the first question so far. The
second question is being studied by a series of high-precision measurements of flavour-
changing processes.

In the quark sector, almost all measurements show overall agreement with the Cabibbo-
Kobayashi-Maskawa (CKM) picture—a remarkable success of the model. On the other
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Origin of flavor
(1) what determines the observed pattern of masses and mixing 

angle of quarks and leptons ? 
(2) which sources of flavor symmetry breaking are accessible at low 

energy ?

Ques.(1) is difficult to address owing to the lack of theoretical guidance. 
Ques.(2) can be answered by a series of high-precision measurements 

search for new physics

flavor  
structure



New Physics Search  
in Charged Lepton Flavor
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Table 3.1: Sensitivity of the sources of flavour symmetry breaking accessible at low energy in the
quark sector (from meson-antimeson mixing processes), given in Eq. (3.3). The observables in-
clude oscillation frequencies (�m) and CP-violating parameters for the di↵erent systems. Taken
from Ref. [1]; note that limits from the Bs have since been further tightened.

Operator Limits on ⇤ (TeV) Limits on CNP Observables
(CNP = 1) (⇤ = 1TeV)

Re Im Re Im
(sL�µdL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK , "K

(sRdL)(sLdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK , "K

(cL�µuL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD, |q/p|, �D

(cRuL)(cLuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD, |q/p|, �D

(bL�µdL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd , S�KS

(bRdL)(bLdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd , S�KS

(bL�µsL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs , S �
(bRsL)(bLsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs , S �

hand, this success may be embarrassing since it could exclude possible large contributions
of new physics at the TeV scale. For instance, new physics may be included as

Le↵ = LSM +
CNP

⇤2
O(6)

ij , (3.3)

where the second term represents the new physics contribution and CNP and ⇤ are
the coupling constant and the energy scale of new physics respectively, and O(6)

ij is a
dimension-six operator. For example, from the measurements of �mK , �mD, �mBd ,
�mBs , CP violating parameters for K, D, Bd and Bs, the energy scale of new physics
⇤ ⇠ O(103) TeV in the case of CNP = 1 is assumed, or CNP is very small, of the order
of O(10�5) to O(10�11) if ⇤ = 1 TeV is assumed (see Table 3.1).

For the charged lepton sector, the constraint from flavour-changing processes (charged
lepton flavour violation) is even more severe. For instance, for µ+ ! e+�, one can con-
sider

CNP

⇤2
O(6)

ij !
Cµe

⇤2
eL�⇢⌫µR�F⇢⌫ . (3.4)

The present upper limit of B(µ! e�) < 2.4⇥ 10�12 gives

⇤ > 2⇥ 105 TeV ⇥ (Cµe)
1
2 . (3.5)

In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
model-dependent way, and sometimes the constraints could be less stringent.

In such theoretical models, we do expect small but detectable deviations from the
SM predictions, in selected special flavour-changing processes. They are the flavour-
changing processes with suppressed SM contributions, or the SM-forbidden processes
with no SM contribution.

with new physics contributions

Λ is the energy scale of new physics
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Charged Lepton Flavor 

For instance, µ→eγ (B<5.7x10-13),

Λ > O(105) TeV

The constraint in CLFV is even more severe than in the quark flavor. 
The SM contribution to muon CLFV is small, of the order of O(10-54).

Charged Lepton  
Flavor Violation



Which Rare Decays at Low Energy ?

• Processes which are forbidden or highly suppressed in the 
Standard Model would be the best ones to search for new physics 
beyond the Standard Model.


• Flavor Changing Neutral Current Process (FCNC)

• FCNC in the quark sector 


• b→sγ, K→πνν, etc.

• Allowed in the Standard Model.

• Need to study deviations from the SM predictions.


• Uncertainty of more than a few % (from QCD) exists.

• FCNC in the lepton sector


• μ→eγ, μ+N→e+N, etc. (lepton flavor violation =LFV)

• Not allowed in the Standard Model (~10-50 with neutrino mixing)

• Need to study deviations from none


• clear signature and high sensitivity



Why Muons, not Taus?

• A number of taus available at B factories are 
about 1-10 taus/sec. At super-B factories, 
about 100 taus/sec are considered. Also 
some of the decay modes are already 
background-limited.


• A number of muons available now, which is 
about 108 muons/sec at PSI, is the largest. 
Next generation experiments aim 1011-1012 
muons/sec. With the technology of the front 
end of muon colliders and/or neutrino 
factories, about 1013-1014 muons/sec are 
considered.

muon collider

neutrino factory

a larger window to search for new 
physics for muons than taus



Observation of CLFV would indicate a clear signal of 
physics beyond the SM with massive neutrinos.

B(µ� e⇥) =
3�

32⌅

���
⇥

l

(VMNS)�µl
(VMNS)el

m2
⇥l

M2
W

���
2

Note:   LFV in SM with massive neutrinos

µ e

�

� very tiny!

The SM with neutrino masses predicts small event rates for the LFV.

W

The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54

5

�µ � �e

No SM Contribution in Charged Lepton  
Flavor Violation (CLFV)

BR~O(10-54)



Sensitivity to New Physics at High Energy

CLFV is unique and important 
to find new physics beyond the SM.

R � 1
�4

|ASM + �NP|2 � |ASM|2 + 2Re(ASM�NP) + |�N|2

 CLFV is sensitive to NP at high energy scale Λ.

others

CLFV

subject to uncertainty of SM prediction

amplitude

rate

CLFV for muons 
can be improve by 
a factor of 10,000 
or more, implying 
10 times in energy 
reach.

|ASM + �NP|2 � |ASM|2 + 2Re(ASM�NP) + |�N|2

could go higher energy scale



Various Models Predict CLFV......



Example of Sensitivity to NP in 
High Energy Scale : SUSY models

y =
g2

16�2
�µe

Effective Lagrangian for 

•If          , 

•If                    , 

BR(µ⇥ e�) = 1� 10�11 �
�

2TeV
�

⇥4 �
⇥µe

10�2

⇥2

y =
g2

16⇥2
�µe

(if the operator is induced at tree level）

(if the operator is generated at loop level）

The search is sensitive to new physics 
with TeV scale and LFV!

example: large extra dimension 

example: SUSY

:new physics scale

Is the LFV searches sensitive to TeV scale physics?

9

 For loop diagrams,

> sensitive to TeV energy scale with reasonable mixing

(m2

L̃
)21 ∼

3m2
0 + A2

0

8π2
h

2
t VtdVtsln

MGUT

MRsslepton mixing  
(from RGE)

SUSY-GUT model

SUSY neutrino 
seesaw model(m2

L)21 �
3m2

0 + A2
0

8�2
h2

�U31U32ln
MGUT

MR

example diagram for SUSY (~TeV)

Physics at about 1016 GeV 

✴ anomaly in muon g-2 (?)

Hagiwara et al: hep-ph/0611102

W̃

�̃µ

µ

�

�̃e

e

µ� e�

6

µ
+
→ e

+
γ
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Figure 14: Correlation between BR(µ → e γ) and BR(τ → µ γ) as a function of mN3
, for SPS

1a. The areas displayed represent the scan over θi as given in eq. (4.3). From bottom to top, the
coloured regions correspond to θ13 = 1◦, 3◦, 5◦ and 10◦ (red, green, blue and pink, respectively).
Horizontal and vertical dashed (dotted) lines denote the experimental bounds (future sensitivities).

Given that, as previously emphasised, µ → e γ is very sensitive to θ13, whereas this is not

the case for BR(τ → µ γ), and that both BRs display the same approximate behaviour

with mN3
and tan β, we now propose to study the correlation between these two observ-

ables. This optimises the impact of a θ13 measurement, since it allows to minimise the

uncertainty introduced from not knowing tanβ and mN3
, and at the same time offers a

better illustration of the uncertainty associated with the R-matrix angles. In this case,

the correlation of the BRs with respect to mN3
means that, for a fixed set of parameters,

varying mN3
implies that the predicted point (BR(τ → µ γ), BR(µ → e γ)) moves along

a line with approximately constant slope in the BR(τ → µ γ)-BR(µ → e γ) plane. On the

other hand, varying θ13 leads to a displacement of the point along the vertical axis. In

figure 14, we illustrate this correlation for SPS 1a, and for the previously selected mN3
and

θ1,2 ranges (c.f. eq. (4.3)). We consider the following values, θ13 = 1◦, 3◦, 5◦ and 10◦, and

only include the BR predictions allowing for a favourable BAU. In addition, and as done

throughout our analysis, we have verified that all the points in this figure lead to charged

lepton EDM predictions which are compatible with present experimental bounds. More

specifically, we have obtained values for the EDMs lying in the following ranges (in units

of e.cm):

10−39 ! |de| ! 2 × 10−35 , 6 × 10−37 ! |dµ| ! 1.5 × 10−32 , 10−34 ! |dτ | ! 4 × 10−31 .

(4.4)

For a fixed value of mN3
, and for a given value of θ13, the dispersion arising from

a θ1 and θ2 variation produces a small area rather than a point in the BR(τ → µ γ)-

BR(µ → e γ) plane. The dispersion along the BR(τ → µ γ) axis is of approximately one

– 29 –

Figure 12: Correlation between µ ! e� and µ ! e conversion in Ti as obtained from

a general scan over the LHT parameters. The shaded area represents the present (light)

and future (darker) experimental constraints. The solid blue line represents the dipole

contribution to R(µTi ! eTi).

from models like the MSSM in which the dipole operator, displayed by the blue line,

yields the dominant contribution to Br(µ� ! e�e+e�) [92, 93]. It is clear from Fig. 11

that an improved upper bound on µ ! e�, which should be available from the MEG

experiment in the next years (shown by the dark grey area in Fig. 11), and in particular

its discovery will provide important information on µ� ! e�e+e� within the model in

question.

Next in Fig. 12 we show the µ ! e conversion rate in titanium (Ti), as a function of

Br(µ ! e�). We observe that the correlation between these two modes is much weaker

than the one between µ ! e� and µ� ! e�e+e�. Consequently, the ratio of these

two rates may again di↵er significantly from the prediction obtained in models where

the dipole operator is dominant. Such a distinction is however not possible for some

regions of the LHT parameter space, where the a priori dominant Z0-penguin and box

contributions cancel due to a destructive interference in R(µTi ! eTi).

In order to quantify how naturally a suppression of the µ ! e� decay rate below

the present experimental bounds can be obtained, we consider how much fine-tuning is

necessary to fulfil this bound. We would like to remind the reader that the measure

of fine-tuning �
BG

defined in (5.1) indicates the sensitivity of a particular observable

with respect to a small change in the model parameters. It by no means allows to make

statements for instance about the structure of the mixing matrices or the mass spectrum

of the model, but only about how rapidly an observable changes in the neighborhood of

a particular parameter configuration. No more than that the BG fine-tuning indicates
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this experiment are included in Fig. 5. Both the !! 3"
and !! 3e modes at a super-B factory will constrain the
anarchic RS parameter space. The LHC also has sensitivity
to rare ! decays [30]; however, the projected sensitivities
are slightly weaker than the current B-factory constraints,
and have not been included. The expected sensitivities to
rare ! decays at a future linear collider are also weaker than
the limits set by the B-factories. Although the MKK !
1 TeV scales probed with !! l1 !l2l3 decays are lower
than those constrained by "" e conversion and "! 3e,
we stress that different model parameters are tested by each
set of processes.

B. Scan for the bulk Higgs field scenario

We now present the results of our scan over the bulk
Higgs parameter space. For the scan we set # # 0; we
present separately the # dependence of the most important
constraints.

We again begin by considering muon initiated processes.
The constraints from "! 3e and "" e conversion are
highly correlated, as we saw in the previous subsection.
Since the bounds from "" e conversion are stronger, we
focus on this and "! e$. We show in Fig. 6 scatter plots
of the predictions for BR$"! e$% and Bconv coming from
our scan of the RS parameter space, for the KK scales
MKK # 3, 5, 10 TeV. For "! e$ we include both the
current constraint from the Particle Data Group [24] and
the projected sensitivity of MEG [18]. The current bounds
from "! e$ are quite strong; from the MKK # 3 TeV

plot in Fig. 6, we see that only one parameter choice
satisfies the BR$"! e$% bound. This point does not sat-
isfy the "" e conversion constraint. We can estimate that
it would satisfy both bounds for MKK > 3:1 TeV. In our
scan over 1000 sets of model parameters the absolute
lowest scale allowed is thus slightly larger than 3 TeV.
Also, a large portion of the parameter set at both 5 and
10 TeV conflict with these bounds. We again find the need

FIG. 6 (color online). Scan of the "! e$ and "" e conversion predictions for MKK # 3, 5, 10 TeV and # # 0. The solid line
denotes the PDG bound on BR$"! e$%, while the dashed lines indicate the SINDRUM II limit on "" e conversion and the
projected MEG sensitivity to BR$"! e$%.

FIG. 7 (color online). Scan of the !! "$ and !! e$ pre-
dictions for MKK # 3 TeV and # # 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.

AGASHE, BLECHMAN, AND PETRIELLO PHYSICAL REVIEW D 74, 053011 (2006)
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Given that both ‘i ! ‘j! and !a" ! "g" # gSM
" $=2 are

generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
contribution to !a" is also provided by the chargino
exchange and can be written as

 !a" ! #
#2

4$
m2
"

!
"M2

m2
L

"g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

"M2
2 #"2$ tan%;

(17)

with gc2"x; y$ defined as fc2"x; y$ in terms of

 gc2"a$ !
"3# 4a% a2 % 2 loga$

"a# 1$3 : (18)

It is then straightforward to deduce the relation

 

B"‘i ! ‘j!$
B"‘i ! ‘j&‘i "&‘j$

! 48$3#
G2
F

#!a"
m2
"

$
2

&
#f2c"M2

2=M
2
~‘
;"2=M2

~‘
$

g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

$
2
j'ijLLj2:
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To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get
 

B"‘i ! ‘j!$ '
# !a"

20& 10#10

$
2

&
% 1& 10#4j'12

LLj2 ("! e);
2& 10#5j'23

LLj2 ((! "):
(20)

A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R ! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B""! e!$ and B"(! "!$ vs !a" ! "g" # gSM
" $=2, assuming j'12

LLj ! 10#4 and j'23
LLj !

10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs ! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R , 1012 GeV other sources of LFV, such as the
quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].

FLAVOR PHYSICS AT LARGE TAN % WITH A . . . PHYSICAL REVIEW D 75, 115019 (2007)

115019-9

G.Isidori, et al., PRD75(2007)115019

M.Blanke et al., Acta Phys.Polon.B41(2010)657

S. Antusch, et al., JHEP11(2006)090

K.Agashe, et al., PRD74(2006)053011

SUSY-Seesaw
SUSY-GUT

Little Higgs Extra dimensions

θ13 ~ 9°
(Daya Bay, RENO, Double 
Chooz, T2K, MINOS)

CLFV Predictions 

  

● Extra-dimensional models

“Anarchic” Randall-Sundrum model

Agashe, Blechman, Petriello

CLFV Predictions (for μ→eγ and µ-e conversion)
by Extra Dimension Models

little Higgs model

extra dimension modelextra dimension model

CLFV Prediction (for µ-e conversion) 
by CMSSM (Supersymmetric Models)André de Gouvêa Northwestern
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Now

PRIME

CKM
MNS

M1/2(GeV)

B(µTi! eTi)⇥ 1012 tan � = 10

µ! e conversion is at least as sensitive as µ! e�

SO(10) inspired model.

remember B scales with y2.

B(µ! e�) /M2
R[ln(MPl/MR)]2

[Calibbi, Faccia, Masiero, Vempati, hep-ph/0605139]

October 14, 2009 CLFV

Calibbi, Faccia, Masiero, 
Vempati, hep-ph/0605139]

experiment projection
BR~<6x10-17

experimental bound
BR~10-12

104

SUSY model

Various BSM models 
predict sizable muon 

CLFV, as well as tau CLFV.

104



CLFV and Neutrino Mass Generation

from Y. Okada san’s slide (2010)

TeV Q
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symmetry breaking

Scale of the neutrino
mass generation

If two scales are well separated,  
LFVs  are suppressed.

If two scales are close, 
large LFVs are expected.

Neutrino mass from loop
Triplet Higgs for neutrino mass
Left-right symmetric model

In supersymmetric models,  
large LFV signals are expected 
even if two scales are separated.
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CLFV~O(10-54)

1

2



       CLFV with TeV Seesaw (Type-I)
8

FIG. 1: The dependence of B(µ ! e + �) on M1 in the case of NH (left panel) and IH (right panel) light neutrino
mass spectrum, for i) y = 0.001 (blue �), ii) y = 0.01 (green +), and iii) y = 0.1 (red ⇥). The horizontal dashed line
corresponds to the MEGA bound [33], B(µ ! e + �)  1.2 ⇥ 10�11. The horizontal dot-dashed line corresponds to
B(µ ! e+ �) = 10�13, which is the prospective sensitivity of the MEG experiment [34].

It is not di�cult to show that, for fixed values of the phases ↵
21

and �, |Uµ2 + iUµ1|2 has a minimum for

sin ✓
13

=
cos � sin ↵21

2

� 3 cos ↵21
2

sin �

3 + 2
p
2 sin ↵21

2

. (3.19)

At the minimum, using eqs. (3.18) and (3.19), we get:

min
�|Uµ2 + iUµ1|2

�

=

�

3 cos � cos ↵21
2

+ sin � sin ↵21
2

�

2

6
�

3 + 2
p
2 sin ↵21

2

� . (3.20)

We will find next for which values of the CP violating phases � and ↵
21

this lower bound is equal to zero
and if the resulting ✓

13

, obtained from eq. (3.19), is compatible with the existing limits from the neutrino
oscillation data. We have min(|Uµ2 + iUµ1|2) = 0 if the Dirac and Majorana phases � and ↵

21

satisfy
the following conditions: tan � tan ↵21

2

= �3 and sgn(cos � cos ↵21
2

) = �sgn(sin � sin ↵21
2

). Taking cos � > 0
(cos � < 0) and using tan � = �3/ tan(↵

21

/2) in eq. (3.19) we get:

sin ✓
13

= sgn(cos �)

q

9 + tan2 ↵21
2

3 + 2
p
2 sin ↵21

2

cos
↵
21

2
. (3.21)

The solution (3.21) is compatible with the 3� upper limit of the CHOOZ mixing angle (see Table 1). In
general, one can always find a viable pair of CP violating phases ↵

21

and � satisfying the relations given
above in order to set the r.h.s. of eq. (3.20) equal to zero, if the mixing angle ✓

13

is su�ciently large, namely,
if sin ✓

13

> 3 � 2
p
2 ⇠= 0.17. More precisely, one finds, e.g. that |Uµ2 + iUµ1|2 ' 3.52 ⇥ 10�8 (2.43 ⇥ 10�6)

for s
13

' 0.2 (0.17), ↵
21

' 2.732 (⇡) and � ' 5.725 (10�3).
In order to interpret the results presented in Fig. 1, it proves convenient to use the analytic expressions

of B(µ ! e + �) in terms of the low energy neutrino parameters, the neutrino Yukawa coupling and the
RH neutrino mass, eqs. (3.6)�(3.11). Taking for concreteness sin2 ✓

23

⇠= 1/2, sin2 ✓
12

⇠= 1/3 and using

TeV seesaw type-I models predict sizable 
branching ratio of CLFV with right-handed 
neutrino mass of O(TeV).

A. Ibara, E. Molinaro, S.T. Petcov, Phys. Rev. D84 (2011) 013005



“DNA of New Physics” 
 (a la Prof. Dr. A.J. Buras) 

David Hitlin                ICHEP Melbourne                    July 6, 2012 13 

Heavy  flavor  studies  provide  a  “DNA  Chip”  for  New  Physics 

GLOSSARY 

AC [10] 
RH currents & U(1) flavor 
symmetry 

RVV2 [11] SU(3)-flavored MSSM  

AKM [12] 
RH currents & SU(3) family  
symmetry 

GLL  [13] CKM-like currents 

FBMSSM 
[14]  Flavor-blind MSSSM 

LHT [15] Little Higgs with T Parity  

RS [16] Warped Extra Dimensions 

W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub  
The pattern of measurement: 
��� large effects 
��     visible but small effects 
�        unobservable effects 
is characteristic,  
often uniquely so,  
of a particular model 

These are a subset of a subset listed by Buras and Girrbach 
MFV, CMFV, 2HDMMFV, LHT, SM4, SUSY flavor. SO(10) – GUT,  
SSU(5)HN, FBMSSM, RHMFV, L-R, RS0, gauge flavor,  ………. 
 



Quarks, Neutrinos, and Charged Leptons

Quark mixing 
observed

Quarks

Lepton

�
�������	

Neutrino mixing 
observed

Charged lepton mixing 
not observed.

Nobel Prize-wining 
class researchCharged Lepton Flavor Violation (CLFV)



CLFV Experiments



CLFV History

1 0- 1 4

1 0- 1 2

1 0
- 1 0

1 0
- 8

1 0- 6

1 0- 4

1 0
- 2

1 9 4 0 1 9 5 0 1 9 6 0 1 9 7 0 1 9 8 0 1 9 9 0 2 0 0 0

U
p

p
e

r 
lim

it
s 

o
f 

B
ra

n
ch

in
g

 
R

at
io

Y e a r

KL
0 → µe

K+ →πµe

µA→eA

µ→ eee

µ→ eγ

Pontecorvo in 1947
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Present Limits and Expectations in Future

process present limit future
µ→eγ <5.7 x 10 <10 MEG at PSI

µ→eee <1.0 x 10 <10 Mu3e at PSI

µN→eN (in Al) none <10 Mu2e /  COMET

µN→eN (in Ti) <4.3 x  10 <10 PRISM

τ→eγ <1.1 x 10 <10 superKEKB

τ→eee <3.6 x 10 <10 superKEKB

τ→µγ <4.5 x 10 <10 superKEKB

τ→µµµ <3.2 x 10 <10 superKEKB/LHCb



this talk
•µ− + N(A, Z) → e+ + N(A, Z − 2)

List of cLFV Processes with Muons

ΔL=1

ΔL=2
•µ+e− → µ−e+

•µ− + N(A, Z) → µ+ + N(A, Z − 2)
•νµ + N(A, Z) → µ+ + N(A, Z − 1)
•νµ + N(A, Z) → µ+µ+µ− + N(A, Z − 1)

•µ+
→ e+γ

•µ+
→ e+e+e−

•µ− + N(A, Z) → e− + N(A, Z)



LFV,Why ?
LFV,Why ?

µ→e conve
rsion

in 

a muonic 
atom 



What is Muon to Electron Conversion?

1s state in a muonic atom

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

Neutrino-less muon 
nuclear capture

µ− + (A, Z)→ e− + (A,Z )
nucleus

Event Signature : !
a single mono-energetic 
electron of 105 MeV!
Backgrounds:!
(1) physics backgrounds !

ex. muon decay in orbit (DIO)!
(2) beam-related backgrounds !

ex. radiative pion capture, 
muon decay in flight,!

(3) cosmic rays, false tracking



µ-e Conversion Signal and 

Normal Muon Decays

105 MeV52.8 MeV
electron momentum spectrum

normal muon decay

µ-e conversion

µ-e conversion and muon Michel 
decays are well separated.

energy window

High Intensity beam can be used only for µ-e conversion



Effective theory

Electromagnetic vertex

µ e
�

q q

?

Often gives large Br(µ! e�)

Contact interaction:

May be no µ! e� signal

Relative rates of conversion and µ! e� are model dependent
Handle to discriminate New Physics models

Parametrization: L
CLFV

=
mµ

(1 + ) ⇤2 µ̄
R

�µ⌫e

L
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µ⌫ +
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⇤: mass scale, : importance of contact term
Andrei Gaponenko 6 CIPANP-2012

Effective theory

Electromagnetic vertex

Often gives large Br(µ! e�)

Contact interaction:
µ e

q q
?

May be no µ! e� signal

Relative rates of conversion and µ! e� are model dependent
Handle to discriminate New Physics models

Parametrization: L
CLFV

=
mµ

(1 + ) ⇤2 µ̄
R

�µ⌫e

L

F

µ⌫ +


(1 + ) ⇤2 µ̄
L

�µe

L

(ū
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Physics Sensitivity: μ→eγ vs. μ-e conversion  
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Photonic (dipole) 
interaction

Contact 
interaction

B(µN → eN)

B(µ → eγ)
=
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F m4

µ

96π3α
× 3 × 1012B(A, Z)

∼
B(A, Z)

428

if photonic contribution dominates,

• for aluminum, about 1/390~0.003 
• for titanium, about 1/230

tree levels

constructive

more sensitive to new physics



μ-e Conversion : Target dependence  
(discriminating effective interaction)

R. Kitano, M. Koike and Y. Okada, Phys. Rev. D66, 096002 (2002)
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Experimental Comparison between  
μ→eγ and μ-e Conversion 

background challenge beam intensity
• μ→eγ accidentals detector resolution limited
• μ-e conversion beam beam background no limitation

μ-e conversion might be a next step. 

• μ→eγ : 

• Accidental background is given by (rate)2. 

• The detector resolutions have to be improved, but difficult.

• The ultimate sensitivity would be about 10-14.


• μ-e conversion : 

• A higher beam intensity can be taken because of no accidentals. 

• Improvement of a muon beam can be possible.


• high intensity and high purity



Previous Measurements
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Final result on mu - e 
conversion on Gold 

target is being prepared 
for publication

< 7 x 10-13 90%CL

@ PSI

PSI muon beam intensity ~ 107-8/sec 
beam from the PSI cyclotron. To eliminate 
beam related background from a beam, a 
beam veto counter was placed. But, it 
could not work at a high rate. 

Published Results (2004)

B(µ� + Au⇥ e� + Au) < 7� 10�13
SINDRUM-II (PSI)



Improvements for Signal Sensitivity

To achieve a single sensitivity of 10-17, we need

1011 muons/sec (with 107 sec running)
whereas the current highest intensity is 108/sec at PSI.

Pion Capture and 
Muon Transport by 
Superconducting 
Solenoid System 
!
(1011 muons for 50 
kW beam power)

Guide π’s until decay to μ’s

Suppress high-P particles
•μ’s : pμ< 75 MeV/c
•e’s : pe < 100 MeV/c



Improvements for Background Rejection

 base on the MELC proposal at Moscow Meson Factory

Beam-related 
backgrounds

Beam pulsing with 
separation of 1μsec

measured 
between beam 
pulses

Muon DIO 
background

low-mass trackers in 
vacuum & thin target

improve 
electron energy 
resolution

curved solenoids for 
momentum selection

Muon DIF 
background

eliminate 
energetic muons 
(>75 MeV/c)

proton extinction = #protons between pulses/#protons in a pulse < 10-9



Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

B(µ� + Al� e� + Al) = 5� 10�17 (S.E.)

B(µ� + Al� e� + Al) < 10�16 (90%C.L.)

µ-e conversion : Mu2e at Fermilab

• Reincarnation of MECO at BNL.

• Antiproton buncher ring is used to 

produce a pulsed proton beam.

• Approved in 2009, and CD0 in 2009, 

and CD1 in 2011.

• Data taking starts in about 2019.

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov



COMET



What is COMET (E21) at J-PARC

8GeV proton beam
5T pion 
 capture  
solenoid

3T muon transport 
(curved solenoids)

muon stopping 
target

electron tracker  
and calorimeter

electron  
transport

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)

2.6

6

Experimental Goal of COMET

• 1011 muon stops/sec for 56 kW 
proton beam power.


• 2x107 running time (~1 year)

• C-shape muon beam line 

• C-shape electron transport followed 

by electron detection system.

• Stage-1 approved in 2009.

Electron transport with curved 
solenoid would make momentum 

and charge selection.



COMET Collaboration 
is international.

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

COMET Phase-I
Proto-collaboration

• 107 collaborators
• 25 institutes
• 11 countries

2

R. Akhmetshin, A. Bondar, L. Epshteyn, G. Fedotovich, D. Grigoriev, V. Kazanin,
A. Ryzhenenkov, D. Shemyakin, Yu. Yudin

Budker Institute of Nuclear Physics (BINP), Novosibirsk, Russia

Y.G. Cui, R. Palmer
Department of Physics, Brookhaven National Laboratory, USA

Y. Arimoto, K. Hasegawa, Y. Igarashi, M. Ikeno, S. Ishimoto, Y. Makida, S. Mihara,
T. Nakamoto, H. Nishiguchi, T. Ogitsu, C. Omori, N. Saito, K. Sasaki, M. Sugano,
Y. Takubo, M. Tanaka, M. Tomizawa, T. Uchida, A. Yamamoto, M. Yamanaka,

M. Yoshida, Y. Yoshii, K. Yoshimura
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

Yu. Bagaturia
Ilia State University (ISU), Tbilisi, Georgia

P. Dauncey, P. Dornan, B. Krikler, A. Kurup, J. Nash, J. Pasternak, Y. Uchida
Imperial College London, UK

P. Sarin, S. Umasankar
Indian Institute of Technology Bonbay, India

Y. Iwashita
Institute for Chemical Research, Kyoto University, Kyoto, Japan

V.V. Thuan
Institute for Nuclear Science and Technology, Vietnam

H.-B. Li, C. Wu, Y. Yuan
Institute of High Energy Physics (IHEP), China

A. Liparteliani, N. Mosulishvili, Yu. Tevzadze, I. Trekov, N. Tsverava
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Proton Beam



J-PARC@Tokai

Hadron Experimental Hall

COMET
Exp. Area



• A pulsed proton beam is 
needed to reject beam-related 
prompt background. 


• Time structure required for 
proton beams.

• Pulse separation is ~ 1μsec 

or more (muon lifetime).

• Narrow pulse width (<100 

nsec)

!
!
!
!
!

• Pulsed beam from slow 
extraction.

• fill every other rf buckets 

with protons and make slow 
extraction


• spill length (flat top) ~ 0.7 
sec

• good to be shorter for 

cosmic-ray backgrounds.

Proton Beam at J-PARC

1.17 µs (584 ns x 2)

0.7 second beam spill

3.64 second accelerator cycle

100 ns



Proton Beam for COMET
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The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

• Background rate needs to be low in order 
to achieve sensitivity of <10-16.

• Extinction is very important.  

– Without sufficient extinction, all 
processes in prompt background 
category could become a problem.

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

• Muonic lifetime is dependent on 
target Z.  For Al lifetime is 880ns.

Proton Beam for COMET



Muon Beam



Charged Particle Trajectory 

in Curved Solenoids

• A center of helical trajectory of 
charged particles in a curved 
solenoidal field is drifted by 

!
!

!
!
!
!
!
!
!

• This can be used for charge 
and momentum selection.


• This drift can be compensated 
by an auxiliary field parallel to 
the drift direction given byDrift in a Curved Solenoid

D =
p

qB
θbend

1

2

(

cos θ +
1

cos θ

)

D : drift distance

B : Solenoid field

θbend : Bending angle of the solenoid channel

p : Momentum of the particle

q : Charge of the particle

θ : atan(PT/PL)

Bcomp =
p

qr

1

2

(

cos θ +
1

cos θ

)

Vertical Compensation Magnetic Field

p : Momentum of the particle

q : Charge of the particle

r : Major radius of the solenoid

θ : atan(PT/PL)
上流カーブドソレノイドの補正磁場

Tilt angle=1.43 deg.



• For helical trajectory in a 
curved mag. field, a 
centrifugal force gives E 
in the radial direction.


• To compensate a vertical 
shift, an electric field in 
the opposite direction 
shall be applied, or a 
vertical mag. field that 
produces the desired 
electric field by v x B, 
can be applied.

B (perpendicular to screen)

E

vertical shift

EM Physics for Particle Trajectories 

in Toroidal Magnetic Field



Mu2e COMET

muon  
beam line

2x 90º bends 
(opposite direction)

2x 90º bend  
(same direction)

electron  
spectrometer straight solenoid curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Mu2e vs. COMET

COMET curved 
solenoids have 

dipole  coils on top 
of the solenoids, to 
keep muons with 

momentum of 
interest in the 

bending plane.

Dipole Coils



Mu2e COMET

muon  
beam line

2x 90º bends 
(opposite direction)

2x 90º bend  
(same direction)

electron  
spectrometer straight solenoid curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Mu2e vs. COMET
Select low 
momentum 

muons

eliminate 
muon decay  

in flight

Selection of  
100 MeV  
electrons

eliminate low 
energy events to 

make the detector 
quiet.

eliminate protons 
from nuclear muon 

capture.



Electron Spectrometer



Electron Detection
Electron Tracker to measure electron momentum 
•work in vacuum and under a magnetic field. 
•Straw tube chambers 

•Straw tubes of 25μm thick, 5 mm diameter. 
•five plane has 2 views (x and y) with 2 layers per view. 

•Planar drift chambers

Electron calorimeter to 
measure electron energy, 
make triggers and give 
additional hit position. 
•Candidate are LYSO, GSO 
•MPPC or APD readout

Under a solenoidal 
magnetic field of 1 Tesla.

In vacuum to reduce 
multiple scattering.



Sensitivity and Backgrounds



• Single event sensitivity

!
!
!
• Nμ is a number of stopping 

muons in the muon stopping 
target. It is 2x1018 muons.


• fcap is a fraction of muon 
capture, which is 0.6 for 
aluminum.


• Ae is the detector acceptance, 
which is 0.04.

Signal Sensitivity (preliminary) - 2x107 sec

B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

total protons 
muon transport efficiency 
muon stopping efficiency

8.5x10
0.008 

0.3
# of stopped muons 2.0x10

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
2.6
6



Background Rates11.2. BACKGROUND REJECTION 171

Table 11.9: Summary of Estimated Backgrounds.

Radiative Pion Capture 0.05
Beam Electrons < 0.1‡

Muon Decay in Flight < 0.0002
Pion Decay in Flight < 0.0001
Neutron Induced 0.024
Delayed-Pion Radiative Capture 0.002
Anti-proton Induced 0.007
Muon Decay in Orbit 0.15
Radiative Muon Capture < 0.001
µ− Capt. w/ n Emission < 0.001
µ− Capt. w/ Charged Part. Emission < 0.001
Cosmic Ray Muons 0.002
Electrons from Cosmic Ray Muons 0.002
Total 0.34

‡ Monte Carlo statistics limited.

11.2.5 Summary

Table 11.9 shows a summary of estimated backgrounds. The total number of background
event is 0.3.

beam-related prompt 
backgrounds

intrinsic physics 
backgrounds

beam-related delayed 
backgrounds

cosmic-ray and other 
backgrounds

Expected background events are about 0.34.



COMET Milestones



R&D Milestones for µ-e conversion

Reduction of Backgrounds1

Beam pulsing

measurement is done between 
beam pulses to reduce beam 
related backgrounds. And 
proton beam extinction of 
<10-9 is required.

Increase of Muon Intensity2

Pion capture system

high field superconducting 
solenoid magnets surrounding a 
pion production target

X103B(µ− + Al → e− + Al) < 10−16

2Pion Capture Solenoid

Muon Transport
Solenoid

Spectrometer
Solenoid

Detector
Solenoid

proton beam

pion production
target

radiation shield

iron yoke

CSCS
MS1MS1

MS2MS2

COMET SC Magnets
COMET

single event sensitivity: 2.6x10-17



Proton Extinction Measurements at J-PARC

Pulsed Proton Beam @J-PARC
A pulsed proton beam is needed to reject beam-related prompt background. 

• Beam time structure
• Pulse separation > 1μsec (muon lifetime in Al).
• Pulse width < 100 nsec

• Pulsed Proton Beam    (Rate=~1 MHz, 8 GeV, 56 kW)
• Linac : Pulsed by Chopper• RCS  : h=2, 1 Filled Bunch• MR   : h＝9, 3 Filled Bunches• Extraction: Bunched Slow Extraction

•Beam Extinction

RExt = number of protons between pulsesnumber of protons in a pulse ＜10ー9

Requirements

8

Measurement Extinction
MR Abort Line
Secondary Beamchopper

Linac

Hadron 
Hall

Abort line

Time structure of Secondary beam(Oct.2010) 

be consisted with O(10-7)
in the J-PARC MR

External 
Extinction Device

Double injection 
kicking

x additional factor of O(10-6)

x additional factor of O(10-3)

hmcs
Entries  311059
Mean     3563
RMS     949.6
Underflow       0
Overflow        0
Integral  1.502e+08

0 1000 2000 3000 4000 5000
1

10

210

310

410

510

610

710

hmcs
Entries  311059
Mean     3563
RMS     949.6
Underflow       0
Overflow        0
Integral  1.502e+08

hmcs

Time[nsec]

The COMET collaboration is confident to 
achieve proton extinction of <O(10-9) 

Measured at secondary 
beamline (2010)

New Abort-line Monitor
• Careful selection of material

• Linear motion guide and gate 
valve

• Wide dynamic range

• 4 PMTs viewing a single 
scintillator plate

• Different light attenuation 
using ND filters

• Interlock system for safe 
operation

可動架台＆ゲートバルブの実装
! 主要なスペック

! 可動範囲　450 mm (上下）
! DN200のゲートバルブ
! BNCx4, SHVx4, 
! Burndy22p x 1
! リフターで上部をサポート可

加速器G（モニター、真空）のサポート
特に橋本さんの絶大な尽力に感謝！

Scintillator 120x120x2t

Lightguide

PMT !23.5

ND filter

LED

Measured at abort 
beamline (2010)

J-PARC MR proton 
extinction ~ O(10-7)

x additional O(10-6)
Single Bunch 

Kicking
Tested at the abort (2010)

Abort-line Extinction Measurement
Measured extinction level at the abort line is consistent 
with that measured with the secondary beam.

Double kick injection Kicker magnets excitation timing 
after the injected beam bunches 
make a single turn in the MR

x additional factor of <10-7

External Extinction Device(AC Dipole)
x additional factor of O(10-3)

Need to measure the secondary beam extinction 
with these additional methods.

13

Demonstrated

COMET is confident to achieve proton extinction of <O(10-9).

1



阪大核物理研究センター西実験室R&D案

西実験室

    Research Center for Nuclear Physics

 (RCNP), Osaka University

Research Center for Nuclear Physics (RCNP), Osaka University 
has a cyclotron of 400 MeV with 1 microA. The energy is above 
pion threshold.

Muon Source with low proton 
power at Osaka U.?

2



constructed

What is the MUSIC@RCNP ?

• MUSIC (=MUon Science Innovative Channel)

muon particle
experiments

muon nuclear experiments 
and other applications

Accelerator R&D 
with muons

Muon transport 
system

Proton beam

Pion capture system

funded

in FY2009

MuSIC (=Muon Science Innovative Channel)



Production and Collection of Pions and Muons 

Conventional muon beam line 
proton beam

Capture magnets

muons

J-PARC 
MUSE 
proton beam  
   -1000kW 
target 
   graphite 
   t20mm 
   φ70mm

SuperOmega 
Ω:400mSrproton beam loss 

< 5%

Much efficient
proton beam

Capture solenoid

muons

to a beam dump

Collect pions and muons 
by 3.5T solenoidal field

MuSIC 
proton beam  
   -0.4kW 
target 
   graphite 
   t200mm 
   φ40mm

Large solid angle & thick target

Transport solenoid

MuSIC,COMET,PRISM, 
Neutrino factory, 

Muon collider



• Pion Capture SC Solenoid :  
• 3.5 T at central 
• diameter 740mm 
• SUS radiation shield 

• Transport SC solenoids 
• 2 T magnetic field 
• 8 thin solenoids 

• Graphite target for pion 
production

Pion production target

Proton beam

Radiation shield

Muon beam

Transport Solenoid

Pion Capture Solenoid

Iron yoke

Superconducting coils

Pion production target

Proton beam

Radiation shield

Muon beam

Transport Solenoid

Pion Capture Solenoid

Iron yoke

Superconducting coils

Pion production target

Proton beam

Radiation shield

Muon beam

Transport Solenoid

Pion Capture Solenoid

Iron yoke

Superconducting coils
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Figure 4.2: Schematic layout of the pion capture system, which consists of the pion pro-
duction target (proton target), the superconducting coils, the iron yoke, and its radiation
shield.

conservative design values, namely of B = 3.5 T and R = 10 cm. A solenoid magnet
with a magnetic field of 3.5 T and the bore radius of 10 cm accepts most pions with
pmax

T

= 52.5 MeV/c.

Figure 4.3 shows a schematic layout of the system of pion production and capture.
It consists of a proton target, a surrounding radiation shield, a superconducting solenoid
magnet for pion-capture with a 3.5 T magnetic field, Backward-scattered pions are captured
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in the 3.5 T magnetic field and focused forward in the degrading magnetic field. The
radiation shield is inserted between the pion production target and the coil which generates
3.5 T magnetic field. Thickness of the shield is tapered so that pion absorption is minimized.
There is a gap between the coil of pion capture section and the coil of transport section in
order to inject a proton beam into the bore of the solenoids. The gap should be as short as
possible to avoid loss of pions at the valley of magnetic field. Optimization of the injection
angle of the proton beam has been done to keep pion transmission at the valley and to keep
the system compact. The angle is determined to be 22 degrees and the gap between coils
is 55 cm.

Figure 4.3: Layout of the pion capture solenoid system.

4.2.3 Superconducting solenoid design

A large bore superconducting coil with diameter of 900 mm is placed surrounding the pion-
production target. The length of the coil is 1000 mm. The target is located at the magnet
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Pion Capture System at MuSIC@Osaka-U



pion capture  
superconducting 

solenoid

muon transport 
superconducting 

solenoid

proton beam line



MuSIC Beam Test in 2011

04/08/2011

Muon lifetime measurement
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Slide courtesy of Tran Hoai Nam, Osaka University 

04/08/2011

X-ray spectrum (Mg target)
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e+/e- Annihilation 

Muonic Mg decay

Slide courtesy of Tran Hoai Nam, Osaka University 

Measurements on June 21, 2011 (62 pA)

preliminary

µ+ : 3x108/s for 400W
µ- : 1x108/s for 400W

MuSIC muon yields

cf. 108/s for 1MW @PSI 
 Req. of x103 achieved...

Great opportunities to  
carry out muon particle 

physics from NOW!



Common R&D with COMET and Mu2e



Superconducting Magnet R&D (2010~) 

R&D of solenoid coils with aluminum-stalibized superconductors 

Prototype coil of aluminum-stabilied 
superconductors were wound in 

Japan and sent to FNAL 
(2010-2012).

CY 2012 Report 
 

 4 

 
Figure 2.  Toshiba coil on arrival at Fermilab. 
 
 

 
 
 

Test(Goals(for(the(Toshiba(Coil(
 
As shown in figure 2, the coil has been successfully shipped to Fermilab for testing.  The 
test preparations have been going on throughout CY2012 and into CY2013.  The test will 
be performed in the spring /Summer of CY2013. 
 
The goals for the test are as follows: 
 
1) Quench/mechanical performance of the Hitachi Cable and Toshiba coil.   The 
conductor is designed for operating at 4.2 K, 5T and 8kA, with a large operating margin.   
Because of the limited number of turns, the resultant field on conductor at 8kA will be 
limited to approximately 1T.  We will explore the force and conductor limits by operating 
at currents up to 20 kA, and varying the coil temperature through helium flow and inter-
layer heaters. 
 
2) Test the conduction cooling efficiency of the pure aluminum interlayer cooling fins.  
The fins will be thermally connected to the test facility liquid helium delivery system 
 

Japan
CY 2012 Report 
 

 9 

During this assembly process, the top plate and magnet will suspended from a frame as 
shown in figure 2.   From here, the magnet lets will be connected to the HTS leads.  The 
cryogenic piping will be assembled (see below) and instrumentation will be attached to 
cryostat instrumentation tree. 
 

 
Figure 6 Mechanical support system for the Toshiba coil.  
 

CY 2012 Report 
 

 6 

cryostat was unused at the National High Magnetic Field Laboratory (NHMFL) at Florida 
State University and transferred to Fermilab for this use.  A picture is shown it figure 3. 

 
Figure 3.   Photo of test cryostat in its Central Helium Liquifier Location.   
 
Only the vacuum vessel and the top plate from this cryostat are being used in the test 
stand. The internal pressure vessel, LN2 shield, and Vacuum Cover welded assembly 
were removed and stored for possible future use. A new Vacuum Cover assembly 
utilizing a dished head transition piece was designed to cover the transition between the 
top plate and the vacuum vessel, and to provide the four support points for a coil cold 
mass. 
 
The replacement vacuum vessel cover assembly consists of a stainless steel ASME 
flanged and dished head, a cylindrical vertical stainless steel pipe section, and two 
flanges (one welded on the dished head outside diameter and the other on the 85 inches 
ID pipe extension welded to a center hole machined in the head). Photos of the assembly 
are shown in figure 4. In addition to providing support points for the device being tested, 
the assembly is designed to support the atmospheric pressure load while the system is 
under vacuum, and the weight of the top plate and its components (power leads, valves, 
instrumentation tree, internal piping, etc.). 
 

Indirect cooling test bench was 
prepared at FNAL 

to test the prototype coil  
(2013~, not yet?)

U.S.

...through the US-Japan Program



AlCap Experiment at PSI (2013~)

Measurements of particle (proton) production after muon capture on Al. 

...through the US-Japan Program

•Proton emission rate after muon capture 
is important, since it determines single 
rates of tracking chambers if no charge 
selection is made before detection.  

•That rate for aluminum has not been 
measured.  

•As a joint effort of Mu2e and COMET,  
the AlCap experiment (P. Kammel (UW) 
and YK (Osaka), co-spokespersons) is 
being done at PSI in December, 2013. 

•The measurements of neutron emission 
will be done in 2014?

5

Measurement SetupMeasurement Setup

Charged particle

detectors

Si (t65μm)


Si (t1500μm)

plastic scinti.

Trigger plastic

counter-1 Target


Al
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COMET Phase-I



COMET Staged Approach (2012~)

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  
spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Comparison : COMET vs. Mu2e

Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days
      *90deg. bend solenoid, cylindrical detector
      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years
 *180deg. bend solenoid, bend spectrometer,  
   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years
 *2x90deg. S-shape bend solenoid, 
  straw tracker+calorimeter

COMET Phase-I COMET Phase-II

long enough so that # of muons/
proton is the same as Phase-II.



Goals of COMET Phase-I

direct measurement of potential background 
sources for the full COMET experiment by using the 
actual COMET beamline constructed at Phase-I

1 Background Study for COMET Phase-II

a search for μ−−e− conversion at intermediate 
sensitivity which would be more than 100 times better 
than the SINDRUM-II limit

2 Search for µ-e conversion
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StrEcal

CyDet
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COMET Phase-I Experimental Layout

COMET Phase-I detector： 
About 1016 muons are stopped in 

the  target. Electron from µ-e 
conversion will be measured

COMET muon beam-line： 
6x109 muon/sec with 3kW beam 

produced. The world highest 
intensity.

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

Cylindrical Detector
• Collimator of 200 mm diam. at 
the end of 90 degree bend

• determine a beam size

• eliminate high-p particles

• Beam particles not stopped on 
the target will escape from the 
detector

• Optimization of detector 
configuration

• pt threshold > 70MeV/c

• trigger counter (5mm thick) 
as a proton absorber

1.5m

0.805m

Proton Beam   

µ   



COMET Beam line



Funds for Phase-I is secured.....

Budget for COMET Phase-I has been approved.

High momentum 
proton beam 

line for nuclear 
physics

JFY2012 
Supplemental 

budget

J-PARC Hadron Experimental Hall

COMET Phase-I

will be completed by end of JFY2015

Items done by

proton beam-line
general use KEK

muon beam-line

COMET detector exp. proper COMET collaboration

Detector budget 
(CDC and 
detector 

solenoid) has 
been secured.



Cylindrical Drift Chamber Detector (CyDet)

For Phase-I, no curved solenoid electron transport to momentum and charge 
select the particles is available. In the CyDet geometry, no beam particles hit 
the detector, and low momentum tracks do not reach the detector.

Why CyDet ?

to avoid hits of beam particles, DIO e-, and low energy protons

Beam goes thorough

DIO e- and low E protons 
with pT<60 MeV/c

cannot reach the detector



Cylindrical Drift Chamber Detector (CyDet)

CDC  
design

• z hit position by stereo layers (all stereo layers) 
• reduction of multiple scattering by helium based gas mixture 
• large inner radius to reduce DIO electron hits. (rate) 
• proton absorber of CFRP to reduce protons from muon capture

Features

a large bore CDC in a 1T solenoid magnet 
all stereo wire 
He based low mass gas

proton absorber
Trigger hodoscope (Plastic scintillator + Cherenkov)

for the photon readout: Avalanche photodiodes (APDs) and Multi Pixel Photon Counters (MPPCs).
APDs, with typical gains of 50–100, are now generally available but require an amplifier to get a
sizeable signal and whose noise output depends on the APD size. Two strategies to optimise the light
collection from APDs are being pursued: one using a diode with a wrapped/coated crystal and the
second using a diode with a wavelength shifter on the crystal.

SiPM MPPCs are a novel form of multi-pixel photosensor where each pixel is an APD biased to be
in the Geiger mode. When all the pixels are connected together in parallel they can provide photon-
counting with gains of the order of 106, which is comparable to that achieved with PMTs. They also
provide similar or better photo-detection e�ciencies and response times, and excellent linearity (when
the number of hit pixels is small). They are also practically immune to magnetic fields and require
a bias voltage of less than 100 V. Typical devices have dimensions of one to a few mm squared, and
pixel counts ranging from a hundred to the tens of thousands.

11.3 Readout Electronics

The readout electronics for the electron calorimeter system is chosen to be ROESTI, which has wave-
form digitizer chips (DRS4) . The DRS4 is a switched capacitor array running with fast sampling.
It has been developed at PSI for the MEG experiment. The ROESTI prototypes that were tested
at KEK used an amplifier-shaper-discriminator (ASD) ASIC which had been developed for a drift
chamber. However, for the application of the electron calorimeter readout, a new ASD with di↵erent
time constant to integrate signal charges will need to be developed for either the APD or MPPC
photo-detector.

12. Cylindrical Detector System (CyDet)

12.1 Introduction

Solenoid yoke
Detector solenoid coils

Beam pipe & Collimator

Collimator solenoid 

Cylindrical drift chamber (CDC)

Trigger hodoscope

Proton absorber

Stopping target

Figure 42: Schematic layout of the CyDet.

The cylindrical detector system (CyDet) is the main detector system for the µ�e conversion search in
the COMET Phase-I. It consists of a cylindrical drift chamber (CDC), a trigger hodoscope, a proton
absorber, and a detector solenoid. It provides the primary momentum measurement for electrons from
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Cylindrical Drift Chamber Detector (CyDet)

Table 13: Main parameters of the CDC.

Inner wall Length 1500 mm
Radius 500 mm

Outer wall Length 1740.9 mm
Radius 831 mm

Number of sense layers 20
Sense wire Material Au plated W

Diameter 30µm
Number of wires 4986
Tension 50 g
Radius of the innermost wire at the EP 530 mm
Radius of the outermost wire at the EP 802 mm

Field wire Material Al
Diameter 80µm
Number of wires 14562
Tension 50 g

Gas 90%He-10%isoC4H10

(outer) walls and the guard layer, which would, otherwise, accumulate in the absence of an electric
field. The wire configuration is summarised in Table 14.

Based on the wire arrangement described in this note, a fast Monte Carlo simulation has been made.
Track displays for simulated events are shown in Fig. 59.

Figure 59: A typical track display with a zoomed view

Each cell has one sense wire surrounded by an almost-square grid of field wires. The ratio of field to
sense wires is 3:1. The cell size is 16.8 mm wide and 16.0 mm height. It is nearly constant over the
entire CDC region. Square cells are well-suited to the low momentum tracks (such as those from the
µ−N → e−N conversion signal), which might enter the drift cells with a large angles with respect
to the radial direction. The stereo angle ε is set to 54 ∼ 69 mrad, which is selected to achieve the
longitudinal spacial resolution σz of about 3 mm. The CyDet will have 4,986 sense wires and 14,562
field wires.

The sense wires are made of gold-plated tungsten, 30 µm in diameter, tensioned to 50 g. The deflection

53



Signal Sensitivity with CyDet

Energy

Signal Acceptance

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.1• fcap = 0.6


• Ae = 0.056 

• Nμ = 9.4x1015 muons

Signal Sensitivity B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

Muon intensity about 0.00064 muons stopped/proton

With 0.4 µA, a running time of about 90 days is needed.

Figure 107: Efficiency of the time window cut for aluminium as a function of the end time of the time window.
The width of the proton pulses of 100 ns is included.

Table 24: Breakdown of the µ−N → e−N conversion signal acceptance.

Event selection Value Comments
Geometrical acceptance and 0.29

tracking cuts
Momentum selection 0.97 103.6 MeV/c < Pe <106.0 MeV/c
Timing window 0.3 700 ns < t < 1100 ns
Trigger efficiency 0.8
DAQ efficiency 0.8
Track reconstruction efficiency 0.8
Total 0.043

16.1.6 Signal sensitivity

The single event sensitivity (SES) is given by

B(µ− +Al → e− +Al) =
1

Nµ · fcap ·Aµ-e
, (11)

where Nµ is the number of muons stopping in the muon target. Here we assume Nµ = 1.3 × 1016,
which corresponding to 2 × 1019 protons using 6.4 × 10−4 stopped muons/proton, and fcap = 0.61
is the fraction of muon capture for aluminium and Aµ-e = 0.043 is the signal acceptance from MC
simulations. With 0.4 µA12, a running time required is about 90 days.

Using these numbers and Eq.(11), the single event sensitivity and the 90% C.L. upper limit with zero
background assumption are given by, respectively,

B(µ− +Al → e− +Al) = 3.1× 10−15 and (12)

< 7.2× 10−15. (13)

12The yield of stopped muons is about 1.6× 109 per second.
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the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.

Momentum [MeV/c]
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

The muons stopped in the muon-stopping target have the lifetime of a muonic atom. The lifetime
of muons in aluminium is about 864 nanoseconds. The µ−N → e−N conversion electrons can be
measured between the proton pulses to avoid beam-related background events. However, some beam-
related backgrounds would come late after the prompt timing, such as pions in a muon beam. There-
fore, the time window for search is chosen to start at some time after the prompt timing. As discussed
in Section 16.2, the starting time of time window of measurement of 700 nanoseconds is assumed,
although it would be optimized in the future offline analysis.

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.
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The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

• Background rate needs to be low in order 
to achieve sensitivity of <10-16.

• Extinction is very important.  

– Without sufficient extinction, all 
processes in prompt background 
category could become a problem.

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

• Muonic lifetime is dependent on 
target Z.  For Al lifetime is 880ns.

Proton Beam for COMET

Background List

prompt and delayed  
backgrounds

16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: A list of potential backgrounds for search for the µ−N → e−N conversion at the COMET experiment.

Intrinsic physics backgrounds
1 Muon decay in orbit (DIO) Bound muons decay in a muonic atom
2 Radiative muon capture (external) µ− +A → νµ +A′ + γ,

followed by γ → e− + e+

3 Radiative muon capture (internal) µ− +A → νµ + e+ + e− +A′,
4 Neutron emission after µ− +A → νµ +A′ + n,

after muon capture and neutrons produce e−

5 Charged particle emission µ− +A → νµ +A′ + p (or d or α),
after muon capture followed by charged particles produce e−

Beam related prompt/delayed backgrounds
6 Radiative pion capture (external) π− +A → γ +A′, γ → e− + e+

7 Radiative pion capture (internal) π− +A → e+ + e− +A′

8 Beam electrons e− scattering off a muon stopping target
9 Muon decay in flight µ− decays in flight to produce e−

10 Pion decay in flight π− decays in flight to produce e−

11 Neutron induced backgrounds neutrons hit material to produce e−

12 p induced backgrounds p hits material to produce e−

Other backgrounds
14 Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16 False tracking

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion
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Background Estimate with CyDet

Table 26: Summary of the estimated background events for a single-event sensitivity of 3.1 × 10−15 with a
proton extinction factor of 3× 10−11.

Type Background Estimated events
Physics Muon decay in orbit 0.01
Physics Radiative muon capture 5.6× 10−4

Physics Neutron emission after muon capture < 0.001
Physics Charged particle emission after muon capture < 0.001
Prompt Beam Beam electrons (prompt) 7.1× 10−4

Prompt Beam Muon decay in flight (prompt) ≤ 1.7× 10−4

Prompt Beam Pion decay in flight (prompt) ≤ 2.0× 10−3

Prompt Beam Other beam particles ≤ 2.4× 10−6

Prompt Beam Radiative pion capture(prompt) 4.24× 10−4

Delayed Beam Beam electrons (delayed) ∼ 0
Delayed Beam Muon decay in flight (delayed) ∼ 0
Delayed Beam Pion decay in flight (delayed) ∼ 0
Delayed Beam Radiative pion capture (delayed) ∼ 0
Delayed Beam Anti-proton induced backgrounds 0.007
Others Electrons from cosmic ray muons < 0.0001
Total 0.019

17.2 Muon decay in orbit

There are no measured data of the muon decay in orbit (DIO) at the momentum region of the endpoint
energy. This measurement cannot be done at an existing muon facility since the number of muons
required cannot be obtained. In the COMET Phase-I, the CyDet will be used to measure the DIO
electron spectrum with a momentum resolution of about 200 keV. This measurement can be compared
with the theoretical prediction. Once the DIO rate and spectrum are precisely measured, they can be
used to monitor the total number of muons stopped in the muon stopping target [62].

17.3 Radiative muon capture

There are no measured data of the radiative muon capture (RMC) at the region of photon energy
at the endpoint for aluminium. Again this measurement cannot be done at an existing muon facility
since the number of muons required cannot be obtained. This measurement needs an energy resolution
less than 1 MeV since the endpoint is about 3.06 MeV lower than the µ−N → e−N conversion signal.
In the COMET Phase-I, the CyDet can be used as a pair spectrometer with a photon converter to
measure photon energies of 100 MeV with an energy resolution of about 200 keV [63].

17.4 Other background assessments

There are no measured data of proton emission and neutron emission after nuclear muon capture.
These measurements can be done at the existing facilities. The COMET collaboration will carry
out the proton emission measurement after muon capture on aluminium at PSI (the AlCap experi-
ment) [64]. The measurement of neutron emission after muon capture on aluminium is planned to
be done at the same time. There are no measured data on the radiative pion capture on aluminium.
This measurement can be made by the ECAL part of the StrEcal.
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Schedule (Facility)
JFY 2013 2014 2015 2016
COMET 
building

design

construction

Solenoid 
magnet

SC wire

Capture 
magnet

Transport 
magnet

Cryogenic 
system

Magnet 
system test

Radiation 
shield

Beam dump

Pion target

Design & test

construction

• 2013

• Design of the building & beam line


• Bid tendering and start construction

• Design of superconducting solenoid 

magnets and start of construction

• Production of SC wires as well


• Design of the pion production target

• 2014


• Completion of the building

• Construction of superconducting solenoid 

magnets

• Start magnet and radiation shielding (and 

beam dump) installation

• Transport solenoid


• Start preparation of cryogenic system

• Tests of the target production target


• 2015

• Construction of superconducting solenoid 

magnets

• Preparation of cryogenic system

• Construction of the pion production target


• 2016

• Installation of the capture solenoid

• Completion of the cryogenic system


• Tests of the magnet system

• Installation of the target

• Ready to accept the 8GeV beam



Schedule (Detector)

System Works 2013 2014 2015 2016

CDC Prototype constructionCDC
Endplate construction

CDC

Inner & outer wall construction

CDC

wire stringing & assembly

CDC

readout electronics

CDC

gas system construction

CDC

cosmic test
CDC trigger 
counter

counter constructionCDC trigger 
counter readout electronics
Detector 
Solenoid 

designDetector 
Solenoid superconductor fabrication
Detector 
Solenoid 

coil winding

Detector 
Solenoid 

cryostat construction

Detector 
Solenoid 

iron yoke production

Detector 
Solenoid 

power supply
Collimator
Solenoid

designCollimator
Solenoid superconductor fabrication
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Future Future Prospects 
of µ-e conversion of 3x10-19



µ-e conversion at S.E. sensitivity of 3x10-19  
PRISM/PRIME  (with muon storage ring)
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PRISM-FFAG (6 sectors) in RCNP, Osaka

Ready to demo. phase rotation

R&D on the PRISM-FFAG Muon Storage 
Ring at Osaka University

 demonstration of phase rotation has been done.



Summary

• CLFV would give the best opportunity to 
search for BSM. (So far, no BSM signals at 
the LHC.)


• Muon to electron conversion could be one 
of the important CLFV processes in terms 
of theoretical and experimental points of 
view.


• COMET (Phase-II) at J-PARC is aiming at 
S.E. sensitivity of 3x10-17.


• After the staged approach, COMET 
Phase-I is aiming at S.E. sensitivity of 
3x10-15. The beam line construction has 
been funded at KEK and  the construction 
will start in 2013. Hope to do a 
measurement in 2016.

IKU (go ahead)


